Abstract: In order to clarify the kinetics and mechanism of miniemulsion polymerization of a sparingly water-soluble monomer, the miniemulsion polymerization of 1,1,2,2-tetrahydroperfluorodecyl acrylate was conducted at 50°C using potassium persulfate as initiator and sodium dodecyl sulfate as emulsifier, respectively. It was found that the rate of polymerization was proportional to the 0.65 power of the initial initiator concentration and to the 0.30 power of the number of miniemulsion droplets (latex particles). It is pointed out that the kinetics of this polymerization system may be subject to the modified case III kinetics of emulsion polymerization with predominant bimolecular termination in the aqueous phase.
Introduction
Fluoropolymers have excellent heat, chemical, oil and weather resistance and oiland-water-repellency. Among various fluoropolymers, fluoroacrylate polymers have been often utilized as oil-and-water-repellent agents, and have recently widened their use, e.g., to medical and information technology fields. Fluoroacrylate polymers are usually produced by emulsion polymerization processes. However, a sparingly watersoluble monomer such as 1,1,2,2-tetrahydroperfluorodecyl acrylate (FA) cannot be emulsion-polymerized to prepare a polymer latex, because the monomer molecules hardly diffuse from monomer droplets to the resultant latex particles via the water phase. This is because the FA monomer shows extremely low water-solubility. One method to obtain such fluoroacrylate polymer latexes is employing miniemulsion polymerization. However, no kinetic and mechanistic study on FA miniemulsion polymerization has been reported to date. In this study, the effects of initiator concentration and of the number of miniemulsion droplets (latex particles) on the rate of FA miniemulsion polymerization were investigated to gain detailed knowledge of the kinetics and mechanism of miniemulsion polymerization of a hardly water-soluble monomer. 1
Experimental part

Materials
FA monomer was supplied from Daikin Industries Co., Ltd. and washed 3 times with 7 wt.-% sodium hydroxide aqueous solution to remove inhibitor and then more than 3 times with water to remove NaOH. The monomer thus treated was directly used for polymerization without purification by distillation because distillation was almost impossible due to the high boiling point of the monomer. Sodium dodecyl sulfate (SDS, Nakalai tesque, analytical grade) and potassium peroxodisulfate (KPS, Wako chemical, analytical grade) were used as received.
Preparation of miniemulsion
The required amounts of FA monomer, SDS and water were mixed and pre-homogenized by a Protein EX homogenizer (TH2, SMT) for 1 min at a rotational speed of 5000 rpm. The pre-homogenized monomer emulsion was then passed through a Microfluidizer  (M-110EH, Mizuho) to obtain much finer miniemulsion. The size of miniemulsion droplets was controlled by the amount of SDS charged and the processing pressure [1] .
Miniemulsion polymerization
The prepared miniemulsion was charged into a reaction calorimeter developed by us [2, 3] . Then, the dissolved oxygen was purged by bubbling highly pure nitrogen gas (purity > 99.999%) through the charged miniemulsion for about 20 min. While nitrogen was bubbling, the miniemulsion was heated to increase its temperature to 50°C. After the temperature reached 50°C, the polymerization was started by pouring a small amount of KPS aqueous solution, which had been previously deoxygenated with the nitrogen gas and stored in a dropping funnel at c. 50°C, into the reaction mixture. The ratio of monomer to water in the reaction mixture just after the addition of KPS solution was set to 0.11g-monomer/g-water. In all the polymerization runs, the reaction temperature was kept within the 50 ± 0.5°C range. The monomer conversion was followed by reaction calorimetry. The average sizes of miniemulsion droplets and the resultant latex particles produced were measured with a dynamic light scattering photometer (DLS-7000, Otsuka).
Results and discussion
The miniemulsion polymerization of FA monomer was initiated by various KPS concentrations with the average diameter of miniemulsion droplets fixed at c. 190 nm and the heat of polymerization, Q r in kJ/(cm 3 -water·min), was measured by the reaction calorimeter as a function of reaction time t. It must be noted here that in these experiments we did not observe the onset of heat evolution until several minutes had passed since the addition of aqueous initiator solution, so that we regarded the time where the onset of heat evolution was first noticed as the start of polymerization. This indicates that a trace of oxygen was still left in the reactor after the initiator solution was added, in spite of the nitrogen bubbling, or a trace of the inhibitor was left in the washed monomer in spite of the purification treatments adopted in this study. The average diameter of the resultant latex particles was found to be also c. 190 nm. 
where R P is the rate of polymerization in g-monomer/(cm 3 -water · min) and ∆h P is the heat of polymerization in kJ/g-monomer:
where ∆H P is the molar heat of polymerization, M W is the molecular weight of FA monomer (= 518), M 0 is the amount of the monomer initially charged in g-monomer/ cm 3 -water and X M is the monomer conversion measured at an arbitrary time t m . Monomer conversion was determined gravimetrically using methanol as precipitant for the polymer. We carried out several polymerization experiments to determine the values of ∆h P and ∆H P by Eq. (2) and obtained ∆H P = -76.6 kJ/mol as an average value. In each run in Fig. 1 , the rate of polymerization increased up to a maximum after 1 -12 min from the start of polymerization and then decreased gradually without showing a constant-rate period. It is also seen that the maximum rate of polymerization decreased with a decrease in the initial initiator concentration. Furthermore, the reaction time from the start of polymerization to the time where the maximum in the rate of polymerization took place also became longer with decreasing initial initiator concentration. The reason why a maximum rate of polymerization occurs is that the average number of radicals per miniemulsion droplet increases with reaction time in the very beginning until it reaches a steady-state value, but the monomer concentration in each miniemulsion droplet decreases monotonically as the polymerization proceeds. In these experiments, the average diameters of miniemulsion droplets and resultant latex particles were both around 190 nm. This indicates that during the polymerization, monomer transport between the polymerizing latex particles was almost negligible because of the extremely low water-solubility of the monomer, and further that coalescence between the polymerizing latex particles was also negligible under these reaction conditions. The monomer conversion vs. time curves were obtained by integration of the rate of polymerization vs. time data shown in Fig. 1 and are plotted in Fig. 2 . The rate of polymerization at c. 20% conversion is calculated from each conversiontime curve in Fig. 2 , and is plotted against the initial initiator concentration I 0 in Fig. 3 . It is clear from Fig. 3 that the rate of polymerization at c. 20% conversion is proportional to the 0.65 power of the initial initiator concentration (I 0 0.65 ). The exponent 0.65 is rather close to 0.5. Considering this, we may explain the kinetic behaviour of this miniemulsion polymerization system by the so-called case I kinetics of emulsion polymerization with predominant radical termination inside the latex particles expressed as R P ∝ I 0 0.5 N T 1/6 [4, 5] , or by the so-called case III kinetics of emulsion polymerization with predominant radical termination inside the latex particles expressed as R P ∝ I 0 0.5 N T 0 [5] . As is well known, case III kinetics corresponds to that of suspension polymerization initiated by a water-soluble initiator and with predominant radical termination inside the latex particles (negligible radical termination in the aqueous phase). In order to find out whether either of these two cases can explain the kinetics of this miniemulsion polymerization system, we examined the effect of the number of miniemulsion droplets (latex particles) N T on the rate of polymerization by varying the initial diameter of miniemulsion droplets with keeping the initial initiator and monomer concentrations fixed at 0.11 g/dm 3 -water and 0.11 g/cm 3 -water, respectively. 4 shows an example of the obtained monomer conversion versus time curves. It should be noted that, in these runs, the number of miniemulsion droplets (latex particles) becomes larger as the average diameter of the prepared miniemulsion droplets is smaller. Fig. 4 demonstrates, therefore, that the rate of polymerization increases with an increase in the number of miniemulsion droplets (latex particles).
To determine the exponent of the dependence of the rate of polymerization on the number of miniemulsion droplets (latex particles), the rate of polymerization calculated at c. 20% conversion is plotted against the number of latex particles in Fig. 5 . The rate of polymerization is seen to be proportional to the 0.3 power of the number of miniemulsion droplets (latex particles). Thus, we could conclude that the rate of polymerization can be expressed as R P ∝ I 0 0.65 N T 0.3 . These dependences of R P on I 0 and N T are rather close to but not the same as those of the case I kinetics expressed as R P ∝ I 0 0.5 N T 1/6 . Let's consider the reason for these discrepancies. Case I kinetics corresponds to a system where the monomer radicals produced inside the latex particles by chain transfer to monomer tends to desorb very rapidly from the latex particles. However, it is obvious that in our miniemulsion polymerization system monomer radicals, even if produced, cannot desorb out of the latex particles because FA monomer shows extremely low water-solubility [5] . Moreover, it is also evident that case III kinetics does not apply to this polymerization system because of the difference in the exponent of N T . Another possible kinetics that may explain the observation is the modified case III kinetics of emulsion polymerization initiated by a water-soluble initiator, where considerable bimolecular termination in the aqueous phase takes place. This situation is clearly different from that of case III kinetics where negligible bimolecular termination in the aqueous phase is assumed. Therefore, the exponents 0.5 and 0 found in case III kinetics would change when considerable bimolecular termination takes place in the aqueous phase.
The reason for this is as follows. The rate of bimolecular termination in the aqueous phase will decrease with an increase in the number of latex particles because the rate of radical capture by the latex particles increases as the number of latex particles increases. This will bring about an increase in the total number of radicals inside the latex particles and, accordingly, the rate of polymerization will increase. This would finally result in a value greater than 0 for the exponent of N T . In this speculation, however, we can give no clear quantitative explanation for the value 0.3 of this exponent. Furthermore, it is not clear at the present stage why the exponent 0.65 of I 0 is somewhat grater than the value of 0.5 that corresponds to that of case III kinetics. One may assume that this difference is within the experimental error. However, if this is not the case, the most probable reason of this difference may be that a trace of inhibitor or some unknown reactive impurities originally involved in the monomer still existed in the washed monomer because no purification by distillation was carried out. Therefore, the lower the initial initiator concentration, the greater the inhibition or retardation effect of a trace of the inhibitor and/or of the reactive impurities on the rate of polymerization. This would result in a value greater than 0.5 for the exponent of I 0 .
As is clear from Fig. 1 , several minutes are needed before the radical concentration inside the latex particle reaches its steady state value, especially when the initial initiator concentration is lower. This implies that the rate of radical entry into a latex particle is a rather slow process when the initial initiator concentration is low. This is a kinetic feature that is very different from that of usual emulsion polymerization. This will bring about, e.g., the situation that the monomer concentration in each miniemulsion droplet (latex particle) is different in the beginning of the polymerization. This may be one of the reasons why the exponents of the dependence of R P on I 0 and N T in this miniemulsion polymerization system are different from those of both the cases I and III at less than 20 -30% monomer conversion. Therefore, further quantitative investigation based on a modelling study is desired to understand the kinetics and mechanism of the miniemulsion polymerization of FA monomer in more detail.
A quantitative discussion based on the modified case III kinetics with considerable bimolecular termination in the aqueous phase will be reported in the near future.
